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HEART TRANSPLANTATION 
Coronary Artery Response to Cold-Pressor Test Is Impaired Early 
After Operation in Heart Transplant Recipients 
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Objectives. The aim of the present study was to evaluate the 
coronary vasomotor esponse to the cold-pressor test within 3 
months after heart transplaatation. 
Background. Normal epicardiai coronary arteries dilate in 
response to sympathetic stimulation evoked by the cold-pressor 
test. In transplant recipients, abnormal coronary vasomotion has 
been described shortly afte: operation. 
Methods. Fourteen heart transplant recipients were compared 
52 ± 15 days (mean ± SD) alter operation with 10 control 
subjects. All had angiographically normal epicardial coronary 
arteries. Coronary blood flow velocity was measured with a 
Doppler catheter placed in the proximal left anterior descending 
coronary artery. Four segments in each patient were analyzed by 
quantitative coronary angiography to assess the diameter changes 
during the cold-pressor test and after intracoronary injection of 
isosorbide dinitrate. 
Results. Coronary flow velocity increase~ similarly during the 
cold-pressor test in control subjects and in transplant recipients, 
from 7.5 ± 2.3 to 11.0 ± 3.9 cm/s and from 10.3 ± 3.2 to 13.7 ± 
4.8 cm/s (both p < 0.01). In control subjects, 39 of 40 segments 
analyzed dilated during the cold-pressor test. In transplant 
recipients, 48 of 56 segments analyzed did not change or con- 
strict~. The mean epicardial coronary diameter increased signif- 
icantly during the cold-pressor test in control subjects (+ 13 ± 6%, 
p < 0.001), whereas it did not change significantly in transplant 
recipients ( -2 -- 9% p = NS). In transplant recipients, isosor- 
bide dinitrote elicited coronary vasodilation similar to that in 
control subjects. 
Conclusions. These data indicate that in human transplanted 
denervated hearts, coronary vasodilation in response to sympa- 
thetic stimulation by cold exposure is impaired shortly after 
operation. 
(J Am Coil Cardiol 1995;26:446-51) 
Coronary artery disease isa major limiting factor for long-term 
survival after heart transplantation (1,2). The endothelium- 
independent vasomotor response has been shown to be pre- 
served after transplantation i  patients without rejection (3). 
Conversely, functional abnormalities suggesting endothelial 
dysfunction before angiographic evidence of coronary vascular 
disease have been reported using pharmacologic testing (4-9). 
Thus, normal smooth epicardial coronary arteries fail to dilate 
or paradoxically constrict in response to intracoronary infusion 
of acetylcholine (4-6), which is partially mediated by the 
endothelium. 
Increase in coronary blood flow velocity leads to dilation of 
normal coronary arteries, which depends on the release o f /  
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eadothelium-dependent r laxing and hyperpolarizing factors 
(9-12). This represents a major mechanism involved in the 
dilation of epicardial arteries in response to stimuli, such as 
exercise (13), mental stress (14) or cold exposure (15,16). 
The aim of the present study was to evaluate further the 
vasomotor response of angiographically normal epicardial 
coronary arteries under sympathetic stimulation by the cold- 
pressor test, a nonpharmacologic approach that has not yet 
been investigated inhuman denervated hearts in recent trans- 
plant recipients. 
Methods 
Patient selection. Control subjects. Ten subjects we:e se- 
lected as the control group (9 men, 1 woman; mean [__.SD] age 
49.3 _ 8.7 years). All had angioglaphically normal coronary 
arteries without lumen irregularities. They were referred for 
diagnostic oronary arteriography because of repetitive atypi- 
cal chest pain syndromes orequivocal exercise tread~nill test or 
thallium scan scintigraphic findings. All subjects were normo- 
tensive, and none had diabetes mellitus or hypercholesterol- 
emia (Table 1). Left ventricular two-dimensional and M-mode 
echocardiographic findings were normal (diastolic septal and 
posterior wall thicknesses, cavity dimensions and mass, systolic 
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Table 1. Patient Characteristics 
Transplant 
Control Subjects Recipients 
(n = 10) (n = 14) 
Age (yr) 493 ± 8.7 49.0 ± 9.2 
Gender (M/F) 9/1 14/0 
Age at transplantation (yr) -- 34 ± II 
lschemic time (rain) -- 132 +- 44 
No. of rejection -- 1.07 ± 0.70 
episodes/pt 
LVEDD (ram) 49 .+ 12 48 +_ 13 
FS (%) 39.5 ± 4.5 36.2 _+ 3.8 
LV mass (g/m 2) 80.8 --. 10.5 81.7 ± 11.6 
Total cholesterol (mmolhiter) 5.05 _+ 0.68 5.47 +- 0.33 
Triglycerides (retool/liter) 1.37 +_ 0.21 1.32 + 0.20 
Data presented are mean value -+ SD. F --- female; FS = fractional 
shortening; LV = left ventricle; LVEDD = Left ventrieular end-diastolic 
diameter; M = male; pt = patient. 
performance). Cardiac dimensions were measured according 
to the criteria of the American Society of Eehocardiography 
(17). Left ventricular mass was calculated from end-diastolic 
wall thickness and cavity dimensions using the formula of 
Devereux et al. (18). Mass index was obtained by dividing mass 
by body surface area (g/m2). At time of investigation, o 
control subject received any cardiovascular therapy• 
Transplant recipients. Fourteen heart ransplant recipients 
were investigated within 3 months of operation (mean 52 +_ 15 
days, range 28 to 80). All had angiographically normal coro- 
nary arteries, as judged by two experienced observers. All had 
normal findings on two-dimensional and M-mode echocardi- 
ography, with left ventricular dimensions and mass measured 
as described for the control group. Patients were investigated 
for routine checkup, and rejection was not suspected. The 
absence of rejection was checked by right vc, ntricular endo- 
myocardial biopsy performed the day of the investigation, and 
no patient had histologic signs of rejection. All patients were 
normotensive at time of investigation• Posttransplantation 
immunosuppressive therapy included prednisone and cyclo- 
sporine for all 14 patients and azathioprime in 8 of 14. 
Cyclosporine was titrated to maintain serum levels between 
150 and 200 ng/ml, as measured by nonspecific radioimmuno- 
assay (Sandoz). Vasoactive drugs (calcium channel and beta- 
adrenergie receptor blocking agents, alpha-receptor antago- 
nists) were discontinued 24 h before the investigation. 
Study design. All patients were in the fasting state for at 
least 12 h before the investigation. No premedication was 
administered; 1% lidocaine was used for local anesthesia; nd 
5,000 U of hepann was administered intravenously. Left ventrie- 
ular angiography and coronary arteriography were performed by 
the percutaneous femoral approach using 6F catheters. After 
completion of diagnostic catheterization, a  additional 5,000 U of 
heparin was given. An 8F guiding catheter was introduced into 
the left main coronary artery. A 3F Monorail Doppler catheter 
with a 20-MHz pulsed-Doppler crystal was advanced into the left 
anterior descending coronary artery by a 0.014-in. (0.09-em) guide 
wire carefully positioned inthe coronary artery to obtain a stable 
flow velocity signal. The flow velocity recordings were referenced 
to zero and calibrated before insertion of the Doppler catheter 
into the guiding catheter. Five mil~ates after baseline angiogram, 
coldpressor testing was pert0rmed by immersion ofthe patient's 
haads in ice water for 120 s. Coronary arteriograms were obtained 
by injection of g ml of low osmolarity contrast medium (me#u- 
mine ioxaglate). Thereafter, 1.5 mg of imsorbide dinitrate was 
infused into the left m~in coronary artery through the guiding 
catheter, and a final angiogram was obtained 4 rain later. 
Throughout the procedure, continuous recordings of systolic, 
diastolic and mean aortic pressures; heart rate; and phasic and 
mean coronary blood flow velocities were obtained. The electro- 
cardiogram (ECG) was monitored continuously throughout the 
procedure. 
Cateeholamiue dosage. In transplant recipients, arterial 
blood samples were drawn from the femoral artery at baseline 
and at the end of cold exposure. Plasma norepinephrine and 
epinephrine concentrations were determined by high perfor- 
mance liquid chromatography (~9). 
Quantitative coronary angiography. Quantitative coronary 
angiography was performed by a previously validated tech- 
nique with a maximal error for the calculated coronary artery 
diameter equal to +_5.7% as previously established (5,20). 
Briefly, right and left coronary arteriograms in multiple pro- 
jections were obtained by ECG-triggered igital subtraction at 
a rate of 6 frames/s on a 512-pixel matrix (General Electric 
CGR DG 300). The angiographie system was then set up in the 
right anterior oblique position with adequate cranial or caudal 
angulation allowing analysis of the left arterial tree on end- 
diastole frames without overlap of coronary segments. Rela- 
tions between focal spot, patient and height of image tube were 
kept constant during the protocol. Six- to 10-ram long seg- 
ments with basal diameters >1.5 mm were analyzed on non- 
subtracted images by automated border detection on the 
proximal and distal left anterior descending proximal and 
distal left circumflex or proximal first left marginal coronary 
artery. The mean diameter was ca!culated for each coronary 
segment from a series of diameter measurements (range 18 to 
• 30). Each segment was defined by two anatomic references to 
measure reproducibly the same segment after each injection. 
Each angiogram was analyzed without knowledge of the se- 
quence of procedure (baseline, cold-presser test, after isosor- 
bide din",rate). Responses of coronary arteries to the cold- 
presser test or to isosorbide dinitrate were expressed as 
percent diameter change versus baseline value. A change in 
vessel diameter was defined as a minimal 6% variation, which 
corresponded to the highest en'or eported using the quanti- 
tative angiographie validation technique (5.7%). 
Statistical analysis. All re:mlts are expressed as mean 
value +_ SD. Statistical comparisons between mean values were 
made by analysis of variance (with repeated measures analysis 
of variance for comparisons between tests or paired groups), 
followed by the Fisher protected least significant difference 
(PLSD) test or Dunnett's test for comparisons with control 
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Figure 1. Effects of the cold-pressor test on the vasomotor response of
56 coronary artery segments in heart ransplant recipients (hatched 
bars) and 40 segments in control subjects (open bars). Numbers in 
circles represent umber of segments. 
subject values. Statistical difference was assumed if the null 
hypothesis could be rejected at the 0.05 probability level. 
Resu l ts  
Characteristics of patients (Table 1). The two groups were 
similar with regard to left ventricular dimensions, fractional 
shortening and left ventricular mass. Total cholesterol and 
triglycefide levels were not statistically different between 
groups. 
Diameter responses of epicardial coronary arteries. In 
control subjects, 99% of analyzed segments dilated signifi- 
cantly, and only 1% failed to dilate. In transplant recipients. 
55% of analyzed coronary artery segments did not change, 
30% constricted, and 15% dilated (Fig. 1). The absence of 
dilation or the constriction, when it occurred, was diffuse in all 
but two transplant recipients. In the ce,atrol group, the mean 
epicardial coronary artery diameter during cold exposure 
increased significantly (+13 _ 6% vs. baseline), whereas in 
transplant recipients it did not change significantly (-2 _ 9% 
vs. baseline). The response observed in the transplant group 
was statistically different from that in the control group (Fig. 
2). Isoaorbide dinitrate licited similar coronary vasodilation i . 
the two groups (Fig. 2). 
Sys~te,,,ic hemodynamie, coronary blood flow velocity and 
neurohormonal responses (Table 2). At baseline, heart rate 
did not differ significantly between groups. Left ventricular 
systolic and mean aortic pressures were higher in transplant 
recipients than in control subjects. During the cold-pressor 
test, heart rate and systolic blood pressure increased signifi- 
cantly compared with that at baseline in the two groups. 
However, the increase in heart rate was higher in control 
subjects than in transplant recipients (+7 and +3 beats/rain, 
respectively). After isosorbide dinitrate administration, heart 
rate did not increase compared with that after the cold test, 
whereas ystolic pressure decreased below the baseline value in 
both groups. 
Coronary flow velocity increased similarly during the cold- 
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Figure 2. Coronary artery diameter changes during the procedure 
expressed asmean percent diameter versus baseline (Base). In the 
control group (squares), mean epicardial coronary artery diameter 
during the cold-pressor test (CPT) increased significantly, whereas in
heart ransplant recipients (diamonds) it did not change significantly. 
Isosorbide dinitrate (ISDN) elicited similar coronary vasodilation i  
the two groups. 
pressor test in the two groups. Conversely, after infusion of 
isosorbide dinitrate, flow velocity decreased below the baseline 
value in both groups, probably because of both reduced 
myocardial metabo!!c demand ue to the decrease of arterial 
pressure and dilation of epicardial coronary arteries. 
Plasma epinephrine and norepinephrine levels increased 
significantly in transplant recipients during the cold-pressor 
test. 
Discuss ion  
The present study shows that epicardial coronary artery 
dilation in response to the cold-pressor test is impaired in 
recent transplant recipients with normal coronary angiographic 
findings. Because at time of investigation cardiac reinervation 
was improbable, this result could be related to an exaggerated 
alpha-adrenoreceptor-mediated vasoconstriction r to an en- 
dothelial dysfunction, or both. 
Coronary artery vasomotion response to the colfl-pressor 
test in control subjects and in transplant recipients. In con- 
trol subjects, the cold-pressor test activates the sympathetic 
nervous ystem and induces dilation of angiographically nor- 
mal coronary arteries (15). During the cold-pressor test, sym- 
pathetic activation and the resulting increase in epinephrine 
an ! norepinephrine levels (21) produce an increase in heart 
rate, arterial blood pressure and myocardial oxygen demand 
(15). Consequently, coronary blood flow increases, and epic~xr- 
dial coronary arteries dilate (11,22) despite the alpha-receptor 
stimulation of smooth muscle cells. This response has been 
related to the release of relaxing factors by the vascular 
endothelium (9-12), which elicits a vasodilating response that 
counteracts the effects of the sympathetic stimulation on 
smooth muscle cells. 
In denervated transplanted hearts tudied early after oper- 
ation, the cold-pressor test failed to dilate epicardial coronary 
arteries, suggesting an imbalance between dilator and con- 
strictor effects. This was observed espite a similar systemic 
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Table 2. Hemodynamic and Neurohormonal D ta After the Cold-Pressor Test and lntracoronary Infusion of Isosorbide Dinitrate 
(mean + SD) 
Control Subjects Transplant Recipients 
Baseline CPT ISDN Baseline CPT ISDN 
Heart rate (beats/rain) 77 - 6 84 ± 8* 87 ± 6* 81 ± 8 84 __. 10" 83 ± 11 
Systolic aortic pressure (ram Hg) 128 ± 9 t55 ± 18t 106 ±l l i "  135 ± 25 154 ± 20t 116 +_ 20t 
Coronary flow velocity (enVs) 7.5 ± 2.3 11.0 +- 3.9* 4.1 ± 0.7~t 10.3 ± 3.2 13.7 ± 4.8* 7.8 ± 2.2* 
Epinephrine (nghiter) - -  - -  - -  64 ± 11 96 ± 14t" - -  
Norepinephrine (ng/liter) - -  - -  - -  321 ± 88 420 ± 41i" - -  
*p < 0.01, ~ < 0.001, ~:p < 0.05 versus baseline. CPT = cold-pressor test; ISDN = isosorbide dinitrate; - -  = not determined. 
hemodynamic response to the cold-prer;sor test and a similar 
coronary blood flow velocity increase both in control subjects 
and in transplant recipients. However, circulating epinephrine 
and norepinephrine levels increased sig, tificantly during the 
cold-pressor test compared with baseline levels, demonstrating 
adaptation of neurohormonal responses in transplant recipi- 
ents in the early postoperative p riod (15). 
Mechanisms of the impaired vasodilator capacity of angio- 
graphically normal coronary arteries in response to the cold- 
pressor test in transplant recipients. During sympathetic 
stimulation, the endothelium, by limiting adrenergic vasocon- 
striction, plays a pivotal role for mediation of epicardial 
coronary artery dilation in response to increased coronary 
blood flow (23-25). In the present study, the abnon;aal vaso- 
motor response in transplant recipients could be related to 
endothelial dysfunction or to an excessive vasoconstrictor 
effect of the catecholamines r leased uring cold exposure, or 
both. 
Impairment of endothelium-mediated regulation of large 
coronary artery vasomotion. F!ow-dependent vasodilation of 
normal human epicardial coronary arteries (12) represents a 
major adaptative r sponse to sympathetic stimulation (9,12) as 
a result of exercise or cold exposure (13,16,25). Coronary 
artery diameter adaptation to an increased blood flow velocity 
depends on the release of endothelial-derived r laxing factors 
by the ende*helial cells, mediated partly by increased shear 
stress and partly by alpha2-adrenoceptor s imulation of endo- 
thelial cells (11,26). 
Flow-mediated coronary vasomotion has been previously 
explored in transplant recipients. Hodgson et al. (27) showed 
that papaverine, infused in the coronary circulation, dimin- 
ished vascular esistance and increased epicardial artery area. 
Mtigge et al. (28) found that flow-mediated vasodilation of 
epicardial arteries, elicited by papaverine, is preserved in 
patients without ransplant vasculopathy and is abolished in 
patients with graft atherosderosis. Hanet et al. (29) found that 
augmentation f myocardial b ood flow demand by rapid atrial 
pacing induces normal vasodilation of smooth coronary arter- 
ies in patients tudied up to 50 months after transplantation. 
Thus, flow-mediated vasodilation seems to be preserved in 
denervated hearts witkout angiographic evidence of graft 
vaseulopathy. 
In the present study, in cardiac recipients studied within 3 
months after operation, the impaired vasodilator response of 
epicardial coronary arteries to the cold-pressor test, despite 
the increase in coronary flow velocity, may be due to impair- 
ment of the endothelial-mediated vasoactive function. Coro- 
nary endothelial dysfunction has been reported previously in 
transplant recipients as early as 1 month after operation (4-6); 
the most frequently used pharmacologic test is intracoronary 
acetylcholine (4-6). Although endothelial dysfunction is the 
most likely explanation of paradoxie vasoconstriction f nor- 
mal coronary arteries observed with acetylcholine in transplant 
recipients, tudies using substance P or serotonin (7,8) failed to 
confirm the "endothelial hypothesis." Furthermore, the exact 
significance of impaired endothelium-mediated vasomotion 
response under pharmacologic stimulation is not clear, and the 
relation between endothelial dysfunction and the development 
of cardiac events in transplant recipients remains unlatown 
(5,30). Finally, the role of graft ischemic time in causing 
endothelial terations cannot be excluded. 
Enhanced vasoconstrictor responses. Functional or ana- 
tomic alterations ofthe endothelium can unmask the constric- 
tive effects of catecholamines on smooth muscle cells 
(16,25,31). In the experimental model of Young and Vatner 
(32), epinephrine infusion decreased the artery diameter in 
de-endothelialized canine vessels, whereas itwas increased in 
the presence of a~. intact endothelium. Similarly. exaggerated 
sensitivity of vessels to norepinephrine was observed bet,ire 
the appearance of atherosclerotic lesions in hypercholester- 
olemic monkeys (33). In humans, coronary segments with 
endothelial dysfunction also exhibit hypersensitivity to uie 
constricting effects of catecholamines (31). The role of coro- 
nary artery afferent sympathetic f bers leading to the exagger- 
ated constricting effect by stimulating alpha-adrenergic vascu- 
lar receptors could explain the failed coronary vasodilation 
capacity observed in transplant recipients (24). Nevertheless, 
cardiac reinervation is unlikely to be present in transplant 
recipients at time of the investigation, within 3 months after 
operation, but circulating catecholamines are potent v~soconstric- 
tots of large coronary arteries (23,25). During sympathetic stim- 
ulation, normal coronary arteries dilate because ndothelium- 
mediated ilation predominates over the constricting effects of 
catecholamines (31). Morever, exercise-induced epieerdial coro- 
nary dilation can be further increased by selective coronary 
infusion of a selective alpha-blocking agent such as prazosine 
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(34). However, although basal values of plasma catecholamine 
levels were higher than values re~rted in normal subjects by 
Robertson et al. (21), the increase in catecholamine l vels in 
transplant recipients during the cold-pressor test was comparable 
(21) to that observed in normal subjects and therefore cannot 
account for the different coronary responses in the two groups. 
Nevertheless, as hypersensitivity of the myocardial beta- 
adrenoceptor has been shown at the presynaptie l vel in cardiac 
transplant recipients (35), a similar increased sensitivity of vascu- 
lar smooth muscle cell alpha-adrenoceptors related to the dener- 
vation could be responsible for a constrictor esponse that pre- 
dominates over endothelial-mediated flow-dependent dilation 
during the cold-pressor test. 
Other mechanisms at the receptor or endothelial evels 
could be involved in the case oi transplant recipients. Cyclo- 
sporine A is known to stimulate endothelin synthesis (36), and 
to increase ndothelin binding sites in cardiac smooth muscle 
cells (37). In addition, endothelin may increase the response to 
sympathetic stimulation (38). The role of cydosporine A in 
stimulating the vescular adrenoreeeptor is still controversial 
(39). 
Conclusions. The coronary vasomotor response to the 
cold-pressor test is abnormal in transplant recipients early 
after operation. These results suggest that dysfunction of 
coronary vasomotion is present under physiologic conditions 
such as cold exposure. The clinical implications of these 
findings are unknown. Studies aimed to test consecutively 
different flow-enhancing stimuli, such as exercise, cold test, 
papaverine and pacing, and pharmacologic studies including 
intracoronrry infusion of specific adrenoreceptor antagonists, 
are needeti to further define the respective role of endothelial- 
dependent flow-mediated and vascular eceptor-mediated reg- 
ulators of vasomotor tone after heart transplantation. 
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